following impoundment in the United States, and PDFs followed a longitudinal gradient 48 across ecoregions (i.e., higher PDFs in the western part of the country, lower PDFs in the 49 eastern part). We also observed that large and oligotrophic reservoirs, located in high 50 elevation had high PDFs. This study provides the first empirical PDF values for 51 macroinvertebrates to be used as characterization factors (CFs) by LCA practitioners. We 52 also provide strong support for regionalization and a simple predictive model to be used 53 by LCA modellers. 54
INTRODUCTION 55
Population growth in the last century has inevitably resulted in an increased need, 56 and use of water by humans (WCD 2000, Strayer and Dudgeon 2010, Fang and Jawitz 57 2019). The extraction of water and the regulation of water flow by dams (i.e., creation of 58 storage reservoirs for drinking water, flood control, and energy production) or the water 59 diversion by channels (i.e., irrigation and navigation) has benefited human populations 60 across the globe (Richter et The environmental impacts of a dam, and of transforming a river into a reservoir 65 are particularly well documented (Agostinho et al. 2008) . The geomorphology of a 66 reservoir is different from the one of the original river. The water depth, as well as the 67 hydrological regime (i.e., lentic instead of lotic system), are notably altered. Water depth 68 is known to affect ecological community structure and productivity, alongside with total 69 dissolved solids (Ryder 1965 , Ryder et al. 1974 , Youngs and Heimbuch 1982 , 70 Jackson et al. 1990 , Rempel and Colby 1991 . A change in the hydrological regime 71 affects several physical and biological processes (erosion/sedimentation; biological cue to 72 life-history strategies), and the organisms' capacity to thrive and survive in these 73 ecosystems. Those changes can ultimately impact ecosystem biodiversity, productivity, 74 and the provision of ecosystem services (Poff et al., 1997; Bunn & Arthington, 2002; 75 Dudgeon et al., 2006 ). If we wish to sustain these services and preserve the ecological 76 macroinvertebrate richness based on a dataset of 148 reservoirs and 2121 rivers and 100 streams across the continental United States. Using a space-for-time substitution, we 101 derived PDFs at three spatial scales: the scale of the United States, the scale of nine 102 ecoregions, and the scale of reservoirs. Finally, we developed an empirical predictive 103 model, built from the most influential variables affecting PDFs at the reservoir scale, to 104 be used by LCA modellers. quantify the temporary disappearance of species integrated in time and space, whether 114 this was expressed in PDF·m 2 ·yr (i.e., a potentially disappeared fraction of species over a 115 given area and duration; Jolliet et al., 2003) or in species·yr (Goedkoop et al. 2009 ). 116
More recently, some models focused on the regional or global disappearance of species 117 expressed in PDF, that is quantifying the permanent disappearance of species at the 118 to assessment of temporary degradation of an ecosystem that will ultimately recover (e.g., 121 a toxic contamination that ultimately is degraded and after which the affected ecosystem 122 recovers). The second one allows the assessment of the absolute disappearance of species 123 that will never be recovered (e.g., endemic species that disappeared because of land 124 transformation). The indicator developed in the current research corresponds to the first 125 category of indicators and is meant to quantify the temporary damage on freshwater 126 ecosystems, more specifically macroinvertebrates, due to impoundment, and integrated in 127 time and in space. The framework proposed by de Baan (2013) and Chaudhary (2015) for land 129 occupation has been adopted and adapted to assess the occupation of a water body. In this 130 approach, the indicator builds on an empirical model assessing land use impacts on 131 biodiversity, and is expressed in PDF·m 2 ·yr. In this case, the CF is expressed in PDF 132 units, or implicitly PDF·m 2 ·yr/m 2 ·yr of water body occupied. This CF is the observed 133 change in taxa richness, with respect to a reference ecosystem, and multiplies the 134 environmental intervention, which is expressed in terms of m 2 ·yr of water body occupied. 135
In the current research, we did not quantify the damage due to water body transformation 136 but only the damage of water body occupation. To be able to quantify the damage of 137 water body transformation in compliance with the Milà i Canals framework (2007), the 138 time needed by the water body to recover after the impoundment ends would be needed 139 and we don't have this information. That's why we limited ourselves to the assessment of 140 the impacts of occupation. 141
Here, we used an empirical space-for-time substitution approach to examine the 142 difference in macroinvertebrate richness between a natural reference ecosystem and an 143 impacted system to generate empirical PDFs representing the impacts of occupying a 144 river, which has been transformed into a reservoir. To calculate CFs, we used the PDF; or 145 implicitly PDF·m 2 ·yr/m 2 ·yr of water body occupied) as a unit to express the proportional 146 loss of macroinvertebrate taxa following impoundment, specific to nine ecoregions and 147 148 reservoirs in the United States. 148
Data collection 149

Macroinvertebrate richness 150
To extract data on macroinvertebrate richness in reservoirs (impacted sites; after 151 impoundment), we used the 2012 National Lake Assessment (NLA), which is a United 152
States Environmental Protection Agency (USEPA) effort to statistically survey numerous 153 ponds, lakes and reservoirs in the United States and their associated biological, chemical, 154 physical and recreational characteristics (USEPA 2015a). From this dataset, we retrieved 155 macroinvertebrates richness (i.e., RICHNESS; taxonomic resolution at the generic level, 156 except for oligochaetes, mites, and polychaetes, which were identified to the family level, 157 and ceratopogonids at the subfamily level; USEPA, 2017), a unique identifier (UID) for 158 each reservoir, the latitude (LAT), longitude (LON), the ecoregion (ECO), and a suite of 159 environmental variables (Table 1) from 148 reservoirs across the United States (Figure 1 , 160 reservoirs shown in black). It was impossible to get macroinvertebrate richness for the 161 pre-impoundment period for the same ecosystem. To get an estimate of 162 macroinvertebrates taxa richness from pre-impoundment conditions, we used the space-163 for-time substitution approach (Pickett 1989 ) and used the 2008-2009 National Rivers 164 and Streams Assessment (NRSA). This dataset is also a USEPA initiative to survey U.S. 165 rivers and streams' biological, chemical, physical, and recreational characteristics 166 (USEPA 2015b). The NRSA dataset serves as reference for pre-impoundment 167 characteristics, given the assumption that taxa richness in rivers and streams in the 168 
Native riverine taxa definition 186
The taxa pool observed in rivers and streams was used as a baseline (reference; 187 native riverine taxa) to compare taxa richness before and after impoundment. Using only 188 native riverine taxa excluded all new taxa that would be encountered in a lake-like habitat 189 (i.e., reservoir), since they would most likely not be present in a pre-impoundment, river-190 like habitat. Comparing to a mean reference in each ecoregion, instead of a single 191 river/stream close to the reservoir, ensures that we are measuring the impacts from a set 192 of reference conditions and not a singular pristine, or impacted, river or stream. Figure 1 ). These ecoregions are the result of an aggregation 199 (Omernik, 1987; Herlihy et al., 2008) , based on similar environmental characteristics 200 (i.e., climate, vegetation, soil type and geology) and macroinvertebrate assemblages 201 similarity of the level III ecoregions (Omernik 1987) , which was adopted by the USEPA 202 for both the NLA and NRSA surveys (USEPA 2016). For each ecoregion, we also 203 extracted some land cover variables (USEPA, 2016; 
PDFs calculation 206
We calculated PDFs as the difference in richness between reference river (x) and and, to inform decision-makers. Here, we examined if PDFs differed across nine 233 terrestrial ecoregions (Herlihy et al. 2008 ) that were adopted by both the NLA and NRSA 234 surveys. As a first step, we ran an analysis of variance (ANOVA) to determine if PDFs 235 differed across ecoregions (i.e., ecoregion scale) and thus, test the relevance of this 236 regionalization scale. To do so, we used a one-way randomized-group ANOVA. We 237 assessed the significance of regionalization at the ecoregion scale and identified which 238 ecoregions were significantly different from each other based on the standardized mean 239 difference and their confidence intervals (CIs). We conducted the ANOVA with the 240 ind.oneway.second function in the rpsychi package version 0.8 (Okumura 2012). 241
Variation partitioning to explain the variation observed in our PDFs 242
As a second step, we were interested to understand which variables, associated to 243 reservoirs or ecoregions, explained the variation observed in PDFs at the reservoir scale. 244
To do so, we used variation partitioning (Legendre 2008) . Variation partitioning 245 describes how a set of explanatory matrices explains the shared variation observed in a 246 response variable (i.e., PDF). We built four explanatory matrices based on the availability 247 of the descriptive variables, and selected relevant variables potentially influencing 248 richness based on expert judgment, from the NLA and NRSA datasets; a spatial matrix 249 (location of the reservoirs; i.e., latitude, ecoregion, and types of land covers), a physical 250 matrix (variables describing the reservoir; i.e., reservoir area, elevation), a chemical 251 matrix (biochemical state of the reservoir; i.e., pH, trophic state, dissolved organic 252 carbon) and a human activity matrix (human influence around the reservoir shoreline; 253
i.e., influence of crops, influence of docks). See Table 1 for a complete description of the 254 variables included in each matrix. To achieve the most parsimonious analysis, we 255 performed a stepwise selection procedure on each explanatory matrix to identify which 256 variable, or combination of variables, best-explained the variation in PDFs (variables in 257 bold; Table 1 ). Variation partitioning was conducted with the varpart function in the 258 vegan package version 2.5-2 (Oksanen et al. 2019). 259
Empirical modelling 260
As a third step, we developed an empirical predictive model explaining the 261 variation observed in our PDFs to be used by LCA modellers. We combined the variables 262 identified by the variation partitioning analysis as the most influential variables to explain 263 the variation in PDFs from the four above-mentioned explanatory matrices into one 264 matrix and performed a model selection procedure. However, as opposed to the variation 265 partitioning, ecoregion was not used in the empirical model to avoid constraining the 266 model to the ecoregions of the United States and thus, allows extrapolation of the model. 267
We use an automatic forward stepwise model selection procedure, which builds a model 268 by maximizing adjusted R 2 , stopping the selection when it starts to decrease (Oksanen et 269 al. 2019) . We used the recommended information theoretic approach based on AIC 270 ecoregions showed a significant loss of macroinvertebrate taxa, varying from 0.049 ± 283 0.048 to 0.472 ± 0.061, and one ecoregion (CPL), showed a significant gain of 284 macroinvertebrate taxa (i.e., -0.242 ± 0.114; Table 2 and Figure 2 ). PDFs in most 285 ecoregions significantly differed from each other except for NAP, NPL and UMW. Those 286 ecoregions were characterized by small sample sizes (respectively, n = 4, 8 or 2; Figure  287 3). Results from the ANOVA suggest a longitudinal gradient of impact. At the reservoir 288 scale, PDFs varied from -0.995 ± 0.640 (observation ± pooled SD) to 1.000 ± 0.323, and 289 62% of the reservoirs showed a significant loss of macroinvertebrates taxa (Table A1) 
Variables explaining the variation in PDFs 304
At the reservoir scale, the four matrices (i.e., spatial, physical, chemical, and 305 human) explained 50% of the total variation observed in PDFs (variation partitioning; 306 Figure 3 ; Table A2 for details on the percentages). About 42% of the variation was 307 explained by the combined effects of the spatial (i.e., ecoregion) and physical (i.e., area 308 of the reservoir and its elevation) matrices. The ecoregion (in the spatial matrix) 309 explained 27% of the variation, over which 25% of this variation was shared with the 310 physical matrix, 12% was shared with the chemical matrix (i.e., pH and trophic state) and 311 Values <0 not shown phosphorus), and lower in eutrophic reservoirs (>10µg/l total phosphorus). As for 329 reservoir surface area, there was a positive relationship between reservoir surface area 330 and PDF; bigger reservoir had a higher PDF than smaller ones (Figure 4) . In other words, 331 large oligotrophic reservoirs located at higher elevation were most likely to have higher 332 macroinvertebrate PDF. 333 connectivity can lead to a higher colonization pool, a higher resilience of the community, 384 and can result in a lower loss of taxa following reservoir creation. This is very likely the 385 case in the CPL ecoregion, which appears to be dominated by flat plains and a low relief 386 topography (USEPA 2016), and is also the only ecoregion showing a potential 387 appearance of taxa following reservoir creation. This ecoregion is also characterized by a 388 high percentage of wetlands (USEPA, 2016), which can also enhance water body 389 connectivity, and lead to negative PDF (i.e., gain of taxa). Because information regarding 390 these variables (i.e., water stress/intermittence, waterbody connectivity, general 391 topography and wetland presence) was not readily available from the datasets, we cannot 392 statistically validate their relevance. Nonetheless, these significant differences in 393 ecoregions' PDFs strengthen the need for regionalization and the examination of multiple 394 scales when developing CFs. 395
Trophic state 396
While elevation explained most of the variation in PDF, oligotrophic reservoirs 397 (trophic state) had higher PDFs. One plausible explanation for this difference can be 398 related to the low productivity nature of oligotrophic water bodies (Wetzel 2001) . 399
Considering that oligotrophic ecosystems sustain relatively low diversity (Dodson et al. 400 2000), oligotrophic reservoir PDFs are expected to be higher than eutrophic ones when 401 compared with a mean ecoregion reference. The seven oligotrophic reservoirs vary in 402 elevation (221 m to over 3000 m) and in surface area (9 ha to over 1900 ha). Eutrophic 403 reservoirs showed a similar range in elevation and surface area, respectively 13 m to 404 3105 m and 4 ha to 6559 ha. This difference in PDF between oligotrophic and eutrophic 405 reservoirs seems independent of these two variables. However, this observation was 406 based on only seven oligotrophic reservoirs, versus 135 eutrophic reservoirs, a rather 407 small and unbalanced sample size. We also observed that all oligotrophic reservoirs were 408 located in the western part of the United States, the majority (i.e., six out of seven) in the 409 WMT (4) and XER (2) ecoregions. This observation could then be the result of a 410 statistical artifact regarding the importance of ecoregion and could impose a limitation on 411 the robustness of our model. Thus, caution is in order when it comes to interpreting this 412 result. 413
Surface area 414
Reservoir surface area was also identified as an influential variable explaining 415 variation in PDFs. While most of the reservoir surface areas ranged between 0 to 1500 416 ha, six particularly big reservoirs, between 2000 and 6000 ha, show higher loss of 417 macroinvertebrates. Even though this trend is significant, it is quite weak considering the 418 unbalanced sample size of big reservoirs versus average-sized reservoirs and the small 419 variation explained (1%). These big reservoirs were also not clustered in one particular 420 region of the United States or ecoregion, but well distributed in north-south and west-east 421 gradients (Figure 1 ). While the majority of averaged sized reservoir were located between 422 zero to over 3000 m of elevation, the six big reservoirs were located between zero and 423 1500m. They did not share a similar water usage (e.g., hydropower, irrigation, recreation, 424 etc.) and thus, no hypotheses can be drawn from the potential water extraction dynamic 425 (i.e., timing, rate, magnitude and frequency) or reservoirs usage on biodiversity impacts. 
Limitations 434
In this study, we defined richness as the number of native riverine taxa. We did 435 not account for the potential gain of lentic specific taxa following impoundment. When a 436 river is transformed into a reservoir, some riverine species are lost, and some lentic taxa 437 are gained. This gain in species, as well as gain in exotic and non-native invasive taxa 438 should not be considered as an ecosystem improvement. Based on the habitat diversity 439 hypothesis (Williams 1964) , we can advocate that lotic environments are more diversified 440 than lake-like ones (i.e., reservoirs). This hypothesis states that the diversity of species is 441 directly related to the diversity of habitats. Thus, because of their narrowness and 442 longitude, rivers run through a greater range of geological formations as well as 443 geographical regions per unit of surface area, and vary more in terms of substrate, water 444 temperature and flow dynamics than lotic environment of comparable depth and size 445 (Horwitz 1978 , Moyle and Li 1979 , Eadie et al. 1986 ). The increased environmental 446 variability and productivity, as well as the presence of micro-habitat heterogeneity in 447 rivers is likely to support more species per surface area (Gorman and Karr 1978, 448 Matthews 1982, Eadie et al. 1986 ). We could then think that even after a lotic 449 environment is transformed into and a lentic one, there would still be less taxa in the 450 lentic environment. Moreover, gain of lentic species after impoundment is often 451 considered a misleading argument because the littoral zone in reservoirs is less complex, 452 differs in physico-chemical conditions (Walker et al. 1992 ) and is generally affected by 453 varying water levels. Those characteristics can affect the productivity of littoral areas, 454 which are crucial to reservoir productivity, and can, in turn, affect its biodiversity. 455
Another limitation of this study is that our characterization model is not independent 456 from other impact categories, namely eutrophication. Because trophic state was defined 457 as a significant variable to predict PDF, we need to incorporate this information in our 458 model. In the LCA framework, eutrophication is already taken into account and thus, 459
using it in our model could cause some bias in the overall compilation of impacts (i.e., 460 double-counting). Finally, one last limitation from this study is the use of space-for-time 461 substitution. We do not have a real before-after control impact study design. It was 462 impossible to have access to river richness before impoundment so our results and 463 suggested PDFs must be interpreted with caution. 464 465
CONCLUSION 466
In this study, by using space-for-time substitution, we showed that the 467 transformation of a river into a reservoir resulted in a loss of 26% of macroinvertebrate 468 taxa in the continental United States. This loss of richness also varied across ecoregions, 469 pressing the need for regionalized CFs. Patterns were also consistent across scales (the 470 
